Molecular dynamics (MD) simulations of proteins reveal the existence of many transient surface pockets; however, the factors determining what small subset of these represent druggable or functionally relevant ligand binding sites, called "cryptic sites," are not understood. Here, we examine multiple X-ray structures for a set of proteins with validated cryptic sites, using the computational hot spot identification tool FTMap. The results show that cryptic sites in ligand-free structures generally have a strong binding energy hot spot very close by. As expected, regions around cryptic sites exhibit above-average flexibility, and close to 50% of the proteins studied here have unbound structures that could accommodate the ligand without clashes. Nevertheless, the strong hot spot neighboring each cryptic site is almost always exploited by the bound ligand, suggesting that binding may frequently involve an induced fit component. We additionally evaluated the structural basis for cryptic site formation, by comparing unbound to bound structures. Cryptic sites are most frequently occluded in the unbound structure by intrusion of loops (22.5%), side chains (19.4%), or in some cases entire helices (5.4%), but motions that create sites that are too open can also eliminate pockets (19.4%). The flexibility of cryptic sites frequently leads to missing side chains or loops (12%) that are particularly evident in low resolution crystal structures. An interesting observation is that cryptic sites formed solely by the movement of side chains, or of backbone segments with fewer than five residues, result only in low affinity binding sites with limited use for drug discovery.
Molecular dynamics (MD) simulations of proteins reveal the existence of many transient surface pockets; however, the factors determining what small subset of these represent druggable or functionally relevant ligand binding sites, called "cryptic sites," are not understood. Here, we examine multiple X-ray structures for a set of proteins with validated cryptic sites, using the computational hot spot identification tool FTMap. The results show that cryptic sites in ligand-free structures generally have a strong binding energy hot spot very close by. As expected, regions around cryptic sites exhibit above-average flexibility, and close to 50% of the proteins studied here have unbound structures that could accommodate the ligand without clashes. Nevertheless, the strong hot spot neighboring each cryptic site is almost always exploited by the bound ligand, suggesting that binding may frequently involve an induced fit component. We additionally evaluated the structural basis for cryptic site formation, by comparing unbound to bound structures. Cryptic sites are most frequently occluded in the unbound structure by intrusion of loops (22.5%), side chains (19.4%), or in some cases entire helices (5.4%), but motions that create sites that are too open can also eliminate pockets (19.4%). The flexibility of cryptic sites frequently leads to missing side chains or loops (12%) that are particularly evident in low resolution crystal structures. An interesting observation is that cryptic sites formed solely by the movement of side chains, or of backbone segments with fewer than five residues, result only in low affinity binding sites with limited use for drug discovery.
protein-ligand interaction | drug discovery | druggability | binding hot spot | protein flexibility M ost proteins binding known ligands have surface pockets that are already formed in their ligand-free state. For example, in single-chain enzymes, in 83% of cases, the substrate binds in the largest cleft present in the unbound structure (1) . However, in the unbound structures of certain proteins, no binding site is easily detectable, and yet the proteins are capable of ligand binding by exposing clefts or pockets in the presence of a ligand. Thus, such binding sites, termed "cryptic," require conformational changes to become apparent (2-6). Many biologically relevant drug targets lack appropriately sized pockets in their unbound structures to support the strong binding of drug-sized ligands (3, 7) . Consequently, there is growing interest in identifying cryptic sites. It has been suggested that such sites can provide previously undescribed pockets on proteins that are already considered tractable targets, or can make it possible to target proteins that are currently considered undruggable (3) . In particular, identification of ligand binding pockets is crucial for the inhibition of protein-protein interactions using small molecules (8) . Discovering cryptic allosteric sites is also important if the main functional site of the protein cannot be targeted with sufficient specificity (9) , or if targeting the distal site gives a different pharmacological profile (10) . Experimental identification of cryptic sites generally involves screening libraries of small molecules or fragments (9, 11) , site-directed tethering (9, 12) , or the use of antibodies (13) . Since these approaches require substantial effort and frequently have negative outcomes, computational tools have also been developed, in most cases based on long molecular dynamics (MD) simulations (3, 4) , possibly paired with fragment docking (6) . More recently, Cimermancic et al. (5) reported CryptoSite, a prediction tool based on machine learning, with features involving attributes of sequence, structure, and dynamics, which detected cryptic sites with remarkable accuracy.
Despite the current interest in cryptic site discovery, a number of fundamental questions remain unanswered. First, since existence of cryptic sites requires both the ability to bind ligands and substantial local flexibility, to what extent is this complex property predictable by analysis of available structures of an unbound protein? Second, what features distinguish those cryptic sites that are potentially useful, either as target sites for drugs or for the biological function of the protein? The opening of numerous transient pockets has been observed in long MD simulations (3, 4, 14, 15) , and the ability to perform such calculations has generated substantial enthusiasm for studying cryptic sites (3, 4) . However, which of these transient pockets will be druggable, and how many druggable cryptic sites do we expect to find on a protein? A third group of questions concerns the nature of cryptic sites. While some studies have reported the spontaneous opening of pockets in MD simulations (3, 4, 14, 16) , others
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Cryptic binding sites are absent or occluded in unbound proteins but present in ligand-bound structures. They can provide druggable pockets in cases where the main functional site of the protein cannot be targeted with sufficient potency or specificity. We show that unbound structures of proteins with cryptic sites have strong binding hot spots and above-average flexibility around the incipient pockets. Binding hot spots can be easily identified computationally, and protein flexibility can often be assessed by the analysis of X-ray structures of the unbound protein, including structures with low resolution. The approach presented here helps to assess the potential druggability of cryptic sites prior to running expensive screening experiments and reveals information about how cryptic sites form.
suggested that cryptic sites result from interactions with ligands (5, 6) . This latter mechanism was recently demonstrated by a simulation study of three proteins with known cryptic pockets (6) . Using a variety of energy functions and sampling methods, Oleinikovas et al. (6) observed that starting the simulations in the open (i.e., bound-like) conformation but without the ligands, the pockets promptly closed in all molecular dynamics simulation runs, irrespective of approach. However, adding fragment-sized molecules as probes occasionally resulted in the opening of cryptic sites. The need for ligands to promote the formation of pockets appears to contradict the results of earlier MD simulations (3, 4, 14) . Thus, it is of interest to study whether cryptic sites are typically formed by conformational selection, induced-fit, or a "mixed" mechanism (6), and to what extent different sites use different mechanisms.
The goal of this paper is to address the above questions through analysis of a representative set of X-ray structures of proteins with validated cryptic binding sites. This set was originally selected for training and testing the CryptoSite cryptic site prediction protocol (5) , and hence will be referred to as the CryptoSite set. Starting with 504,647 candidate pairs of ligand-bound structures with their unbound counterparts, Sali and coworkers (5) used pocket detection algorithms to retain only pairs with a small pocket score in the unbound form and a substantially larger score in the bound form. Manual inspection of the structures resulted in a dataset of 93 bound-unbound pairs in which each unbound structure had a site considered cryptic due to its low pocket score, and each bound structure had a biologically relevant ligand bound at the site (5) . While the original CryptoSite set included only one unbound structure in each pair, to study the information provided by different unbound structures of a given protein, for each bound structure in the set, we added all unbound structures with at least 95% sequence identity that were available in the Protein Data Bank (PDB). Structures with any other ligand within 5 Å of the cryptic site were excluded. The number of such additional unbound structures varied from zero to 498 per protein (SI Appendix, Fig. S1A ), resulting in an extended CryptoSite dataset that includes 4,950 structures rather than the original 186.
Our analysis focuses on two properties of the proteins: binding energy hot spots, and local protein flexibility. Hot spots are relatively small regions on the protein surface that can contribute a disproportionate amount to the ligand binding free energy (17) (18) (19) (20) . We have shown previously that no significant binding can occur without binding hot spots (20) (21) (22) , and thus it is reasonable to look for hot spots near cryptic sites. The concept of hot spots is related to fragment binding; it has been well-established, both experimentally and computationally, that hot spots are characterized by their ability to bind a variety of fragment-sized ligands (23, 24) . We also expect that protein structures have sufficient flexibility around cryptic sites to enable formation of the ligand binding pocket (5, 16) . By exploring the bound complex structure and multiple unbound structures of each protein in the extended CryptoSite set, we can compare conformational variations near and far from the cryptic site. The results shed light on the types and magnitudes of conformational changes that occur spontaneously, and others that are most likely promoted by ligand binding. As will be shown, the high level of flexibility at these sites frequently leads to local disorder, including missing side chains or loops and possibly weak self-interactions between the protein surface and unstructured regions. Such disorder is particularly evident in low resolution X-ray structures, and we show that, combined with the analysis of hot spots, detecting disorder may provide information on potential cryptic sites. Therefore, even very low resolution X-ray data, which are frequently ignored and not even refined, can be useful for drug discovery.
In addition to reporting the above method for identifying cryptic binding sites from ligand-free protein crystal structures, we also study the possible reasons why a cryptic site is closed in the unbound structure, including side chains, loops, or unstructured segments protruding into the site, loops being too open and not forming a pocket, loops not visible in the X-ray structure, interdomain sites affected by hinge or other motion, and moving secondary structure elements, most frequently helices, being either too close or too far. For each of the 93 proteins, we discuss the conformational changes by accounting for both the hot spot structures and the original papers that describe the structures. Using this information, we attempt to place each system on the mechanistic continuum between conformational selection and induced fit, and, although this is not always possible, we believe that the analysis provides a number of interesting findings.
Results
Hot Spots near Cryptic Sites. The hot spots of unbound structures were determined by using both the FTMap and FTFlex programs (22, 25, 26) . FTMap distributes small organic probe molecules of different size, shape, and polarity on the surface of the protein to be studied, finds the most favorable positions for each probe type, clusters the probes, and ranks the clusters on the basis of their average energy. Regions that bind several different probe clusters are called consensus sites (CSs) and are the predicted binding hot spots. While FTMap considers the protein as rigid, the related algorithm FTFlex allows side chain conformers of residues around selected hot spots to vary, facilitating pocket opening (26) . The results of FTMap have been extensively validated (20, 22, 25, (27) (28) (29) (30) (31) (32) (33) (34) and shown to provide reliable information on the location of binding sites (35) and on the druggability of a site: i.e., its ability to bind drug-like small molecules with sufficient affinity for pharmacological activity (21) .
FTMap and FTFlex were applied to all 4,857 unbound and 93 bound structures in the extended CryptoSite set. All ligands and water molecules were removed before mapping as FTMap includes a continuum water approximation. For each of the 93 proteins represented in this set, we show mapping results for the original unbound and bound structures in the CryptoSite set, as well as for a number of unbound structures in the extended set that have strong hot spots close to the location of the cryptic site (SI Appendix, Table S1 ). As described previously (21), a necessary condition for a site to bind a small molecule with at least micromolar affinity is to have a hot spot with 13 or more probe clusters. As shown in Fig. 1A , 67% of the unbound structures in the original CryptoSite dataset have a hot spot that satisfies this condition and is located within 5 Å of the cryptic site. If the additional unbound structures in the extended set are also considered, the percentage of proteins that have a hot spot with ≥13 probe clusters within 5 Å of the cryptic site increases to 88%. While the 5-Å distance may appear to be large, we note that, when constructing the CryptoSite set, Cimermancic et al. (5) defined cryptic binding sites by selecting residues with at least one atom <5 Åaway from any ligand atom, and we adopt this definition. Moreover, 79% of unbound structures in the extended set actually have a hot spot with ≥13 probe clusters within 1 Å of the cryptic site (Fig. 1A) . We have shown that a binding site is potentially druggable (although not necessarily using a drug-sized molecule) if it binds at least 16 probe clusters (21) . According to Fig. 1B , 50% of the unbound structures in the original CryptoSite set have such hot spots within 5 Å of the cryptic site. This value increases to 81% of the 93 proteins if all unbound structures in the extended set are considered. As will be shown, the hot spots do not necessarily overlap with the cryptic sites, but they are exploited by the ligands in the bound structures and thus contribute to binding.
Since strong proximal hot spots are necessary for ligand binding, the number of cryptic sites that are potentially druggable on a protein is limited by the number of such hot spots. This observation is important because long MD simulations have been reported to result in numerous pockets that were open sufficiently long to be detectable (3, 14) . For example, for IL-2 and β-lactamase, Bowman and Geissler (3) reported over 50 pockets that were open and most likely accessible more than 10% of the time. Such sites were distributed across the surface of the proteins and were proposed to provide viable drug target sites. However, as shown in Fig. 1C , the number of strong hot spots with more than 16 probe clusters on a given protein never exceeds four, even considering all of the different unbound structures in the extended CryptoSite set. Furthermore, in addition to the cryptic site, most of the proteins also have known (i.e., noncryptic) binding sites with ligands at one, two, or sometimes three of these strong hot spots. Thus, based on the analysis of protein structures with validated cryptic sites, we conclude that, among the pockets opened by conformational changes or MD simulations, only one or two may qualify as genuine cryptic sites, capable of binding a ligand with substantial affinity. As will be further discussed, the druggability of a cryptic site also depends on its type: i.e., the mechanism of its opening.
We note that Sali and coworkers (5) compared the accuracy of their CryptoSite cryptic site prediction method with that of our FTFlex algorithm with respect to 14 proteins and found the two methods to be comparable overall based on area under the curve (AUC) values (0.77 for FTFlex versus 0.83 for CryptoSite). The agreement was very good (10 out of 14 cases) for pockets that, even in the unbound state, present a small surface concavity that can fit the small-molecule fragments used as probes by FTMap and FTFlex. CryptoSite was found more accurate than FTFlex when a cryptic site was fully buried or when it resided in a large protein. In the majority of cases involving large proteins for which disagreement between the methods was found, the cryptic site was located between two domains. For FTFlex and FTMap, we generally used a domain-separating algorithm (36) and mapped the domains separately (22) . In many proteins, domain separation substantially improves the detection of hot spots at cryptic sites (SI Appendix, Table S1 ). However, Cimermancic et al. (5) did not separate the domains before testing FTFlex and thus most likely underestimated the accuracy of the method. Overall, based on the similar AUC values and considering the improved results due to domain separation, the potential difference in the accuracy of FTFlex and CryptoSite is very small. In fact, our focus here is not on the performance of different methods for identifying such sites, but rather to gain insight into the structural features and changes that result in cryptic sites. We note, however, that, although both FTMap and FTFlex fail to find relevant hot spots in any unbound structure for 12 of the 93 proteins in the extended CryptoSite set, in most cases, it is easy to understand why this happens. Some cryptic sites bind only tiny ligands and are too small, even in the bound structure, to fit our probes; others are inherently located between two chains and therefore are not found by mapping of only one chain, or have nearby sites that bind ligands with much higher affinity than the cryptic site and hence attract most of the probes used for the mapping.
Protein Flexibility Around Cryptic Sites. In addition to typically requiring a strong hot spot close to the location of a cryptic site, the opening of pockets also requires sufficient structural plasticity, as has been demonstrated by molecular dynamics (MD) simulations of multiple proteins (3, 4, 14, 15) . Here, we explore whether the availability of several X-ray structures of a protein in the unbound state can be used to reveal conformational changes indicating above-average flexibility around cryptic sites. This is not a simple task since proteins may have very flexible or even unstructured regions unrelated to ligand binding, such as large variations in terminal fragments or loops. To restrict the analysis to potential ligand binding sites, we considered only conformational differences of residues in the vicinity of hot spots. Residues within a 9-Å neighborhood were selected around the center of each hot spot, and the average pairwise rmsd for the atoms of these nearby residues between all unbound structures of the same protein in the extended data set was calculated. This analysis was applied to the 88 proteins from the original CryptoSite set that have additional structures in the extended set. To assess the degree of flexibility in regions close to versus far from cryptic sites, we separated the calculated average rmsd values into those surrounding hot spots that were close to the cryptic site (i.e., where any probe atom was closer than 5 Å from any atom of the ligand superimposed from the bound structure), versus hot spots not meeting this criterion that were classified as far from the cryptic site. For each protein, Fig. 1D shows the mean pairwise all-atom rmsd values for the hot spots close to the cryptic site versus the mean pairwise rmsd values averaged over all other hot spots of the same protein far from the cryptic site. According to these calculations, for 69% of the 88 proteins with multiple unbound structures, the rmsd values near the cryptic site were larger than the ones at the far sites, indicating increased structural variability closer to the cryptic site. The overall mean rmsd values, averaged over the 88 proteins, were 1.00 ± 1.04 Å and 0.69 ± 0.56 Å, respectively, for the near and far rmsd values. While the overall variances were large when all proteins were considered, we emphasize that we compared near and far rmsd values for each protein separately, and hence we used the Wilcoxon signed-ranks test, a nonparametric analog of the pairwise t test. The null hypothesis was that the rmsd values near the cryptic site were the same as the ones at the far sites, and the hypothesis was rejected at P < 0.01, indicating that increase in flexibility, while modest, is significant.
The Structural Origins of Cryptic Sites. The results described so far suggest that formation of a druggable cryptic site requires both the existence of a nearby hot spot and some level of local flexibility. We used the extended CryptoSite set and the mapping results to study two further questions. First, what are the conformational differences between bound and unbound structures: i.e., what causes the site to be cryptic? Second, are these changes induced by ligand binding, or are they spontaneous and thus also present in some unbound structures, with the open pocket stabilized by subsequent ligand binding through conformational selection?
To measure the conformational differences between bound and different unbound structures, we selected the residues within 9 Å around the location of the cryptic site in each bound structure and, for each protein, calculated the local backbone, side chain, and all atom rmsd for the selected residues between the bound structure and the unbound structure in the CryptoSite set (SI Appendix, Table S2 ). Relatively small backbone rmsd values can be found if either a number of residues around the site are missing in the unbound, bound, or both structures, or if the backbone conformational changes are really small. As will be further discussed, after the removal of cases with missing residues, we identified 18 proteins in which the cryptic sites are created by the movement of side chains, without substantial change in the backbone conformation (SI Appendix, Tables S1 and S2) .
We also calculated a number of measures that show if any of the unbound structures would or would not clash with the ligand, the latter to identify cryptic sites that could be the results of conformational selection. The first of these measures is the minimum distance between any atom of in the ligand-bound protein in the CryptoSite set and any atom of its bound ligand, which shows the baseline interatomic distance we need for the specific protein to avoid any receptor-ligand clashes (column D in SI Appendix, Table S2 ). The values are between 2.5 and 3 Å as expected for interatomic distances. The next measure is the minimal distance between any (nonhydrogen) atom of the unbound protein in the CryptoSite set and any atom of the ligand superimposed from the bound structure (column E in SI Appendix, Table S2 ). According to this column, the minimal interatomic distance in the unbound structure is generally smaller than the value in the bound structure, revealing that the proteins in the selected unbound conformation would clash with the superimposed ligand. However, the unbound structures in the extended set show substantial variation, and, for many proteins, there exist unbound structures substantially closer to the bound form than the one in the CryptoSite set (SI Appendix, Fig. S1B ). The third measure is the same minimum distance but maximized over all unbound structures in the extended CryptoSite set (column F in SI Appendix, Table S2 ). This measure shows if there exists an unbound structure that would not clash with the superimposed ligand. Finally, to show the diversity of unbound structures in the extended CryptoSite set, we present the smallest value of the same distance over all unbound structures (column G in SI Appendix, Table S2 ). According to these results, in 45 cases in at least one of the unbound structures in the extended set, the minimal value of the receptor-ligand interatomic distance would be larger than 90% of the interatomic distance seen in the real receptor-ligand pair (column F in SI Appendix, Table  S2 ). Thus, despite the limited set of structures in the PDB, it appears that, for 48.3% of the 93 proteins, there exists at least one unbound structure that could accommodate the ligand without any conformational change. For example, in the catalytic subunit of PKA (item 3 in SI Appendix, Table S1), the smallest interatomic distance between the ligand and one of the unbound structures is 2.73 Å, slightly higher than the shortest distance in the actual receptor-ligand complex (row 3 of SI Appendix, Table  S2 ), implying that binding could occur without any ligandinduced conformational change. In contrast, for the NiemannPick C2 protein, the minimal distance between any atom of the protein and any atom of the superimposed ligand does not exceed 0.59 Å in any of the unbound structures; thus, the ligand could not bind without substantial conformational changes (item 5 in SI Appendix, Tables S1 and S2).
We also studied the types of conformational changes that occur between unbound and bound structures (Table 1) . Among the 93 structures of the CryptoSite set, in 18 protein pairs, the backbone rmsd is less than 1.0 Å, and there are no missing residues (SI Appendix, Tables S1 and S2). Thus, in these 18 cases, there are no significant main-chain motions in the vicinity of the binding site, and the cause of the pocket being cryptic is that one or more side chains protrude into the site in the unbound structure. This type of conformational change is designated by an "S" (side chain). An example is provided by myosin II heavy chain (item 2 in SI Appendix, Table S1 ). In the unbound structure (2AKA, chain A), the side chains of Leu262 and Tyr634 protrude into the very narrow binding site ( Fig. 2A) . Mapping yields hot spots at the entrance of the pocket, 2.11 Å from the ligand superimposed from the bound structure 1YV3 (chain A). Any of the currently known unbound structure of myosin II would clash with the ligand (column E of SI Appendix, Table S2 ), and hence it is likely that the site is formed by induced fit. However, in many other cases, we found that the site-occluding side chains can move out of the cryptic site spontaneously. Examples include the chitinase B1 enzyme (item 1 in SI Appendix, Tables S1 and S2). In this case, the minimum receptor-ligand distance is essentially the same (2.60 Å) in some of the unbound structures as the minimum receptor-ligand distance in the bound structure (2.64 Å), indicating that unbound forms exist that can accommodate the ligand without conformational change. Another example is ribonuclease A (item 40 in SI Appendix, Table S1 ), in which residue His110 has two side chain conformers, but only one of them protrudes into the pocket. Accordingly, in one of the unbound structures, the minimum receptor-ligand distance is 4.08 Å, much larger than the minimum receptor-ligand distance, 2.65 Å, in the bound structure (SI Appendix, Table S2 ).
An interesting aspect of cryptic sites caused by side chain motion is that the binding affinity of such sites is usually low, in the micromolar range. For 10 of these 18 proteins with small backbone conformational change, literature values for the binding affinities of the ligands that occupy the cryptic site show that ligand binding is very weak (SI Appendix, Table S1 ). Although we could not find data for the remaining eight proteins, in no case is there evidence of strong binding (K d < 300 nM) by any ligand. This observation suggests that cryptic sites in regions of the protein that have a relatively rigid backbone, such that pocket opening and closing involves only side-chain motions, do not tend to bind ligands with high affinity.
The most frequent origin of cryptic sites is actually not side chain movement but loops protruding into the pocket. The CryptoSite set includes 21 such cases, denoted as "LC" (loops closed). For example, in the unbound structure of the catalytic subunit of PKA (2GFC, chain A) mentioned above, the loop comprising residues 51 to 56 restricts the site, which, in this closed conformation, has no hot spots (Fig. 2B ). In the bound structure (2JDS, chain A), and also in many unbound structures such as chain E of 4DFZ, the loop is farther from the site, leaving it fully open. Thus, the protein can assume the conformation required for ligand binding without the presence of any ligand. Another example is the already discussed Niemann-Pick C2 protein (item 5 in SI Appendix, Table S1 ). In the unbound structure 1NEP, the loop comprising residues 96 to 103 is closer to the ligand binding site than in the bound structure 2HKA, chain C, and the side chains of Phe66 and Tyr100 would clash with the ligand. We note that 2HKA has three protein molecules in the unit cell. Chain A of the same structure has no bound ligand, but the 96 to 103 loop is substantially further from the site, which shows local flexibility. However, F66 still protrudes into the site and would clash with the ligand. Thus, there is no proof that the site can become fully open without ligand binding.
Loop movement can have an opposite effect: in 18 of the 93 unbound structures in the CryptoSite set (16%), the cause of a diminished site is that one or more loops are too open [denoted as "LO" (loops open)], and the pocket is not well formed. One example is 1-deoxy-D-xylulose-5-phosphate reductoisomerase (item 35 in SI Appendix, Table S1 ). The loop of residues 208 to 215 is extremely flexible, and, in the unbound structure 1K5H, chain C, it moves outward, whereas, in the bound structure 2EGH, chain B, it closes down on the small ligand 2-phosphoglycolic acid (Fig. 2C) . Since, in chain C of 1K5H, the pocket is too open, FTMap finds only two relatively weak hot spots, CS0 (14) and CS3 (11), near the cryptic site. (FTMap numbers the strongest consensus site CS0, the next strongest CS1, etc. The number in parentheses is the number of probe clusters the consensus site contains, which provides a measure of the strength of the hot spot.) In contrast, in chain B of the same unbound protein, part of the loop is unstructured, and residues 212 through 215 are not visible in the X-ray structure. Nevertheless, the remaining part of the loop is sufficient to close on the site, resulting in two strong hot spots: CS0 (19) and CS1 (18) (Fig. 2C) . We note that, despite the loop being too open in the unbound structure 1K5H, simply superimposing the ligand still leads to clashes with other nearby residues (SI Appendix, Table S2 ); thus, ligand binding involves both the closing of the loop and moving some side-chain atoms out of the site. In 11 proteins (indicated by "I"), the sites are cryptic because they are located at the interface between two domains and are affected by hinge-type or other interdomain motions. After separating the domains and mapping them individually, FTMap found strong hot spots on one or both proteins as the interdomain surfaces became accessible to the FTMap probes, but these hot spots could not always be detected without the domain separation. One example is elongation factor TU (item 25 in SI Appendix, Table S1 ). In the bound structure (1HA3, chain B) , the large ligand binds between two domains. In the unbound structure (1EXM, chain A), the two domains move closer together, and the pocket becomes too narrow for ligands or FTMap probes to enter. However, after separating the protein into its two domains (shown as brown and green in Fig. 2D ), FTMap found three hot spots on the C-terminal domain shown in brown. There is evidence that binding of the antibiotic aurodox at this cryptic site occurs by induced fit (SI Appendix, Table  S1 ). We note that domain separation was also found to be useful in mapping sites located between domains where the main cause of the site's absence in the unbound structure was either a side chain or a loop protruding into the pocket. In such cases, we used the S and LC classification, respectively, rather than I, as the interdomain location of the site is not the main reason it is cryptic.
There are several less frequently occurring causes of sites being not fully formed in the unbound structure. As will be further discussed, pockets may become undetectable due to very flexible loops that are missing in the X-ray structure [11 cases, denoted as "LM" (loops missing)]. Entire secondary structure elements, usually smaller helices, may also be missing in the unbound or bound structure [two cases, denoted as "SM" (secondary structure element missing)]. The site may also disappear if the unbound protein has unstructured regions, most frequently near the N or C terminus [three cases, indicated by "U" (unstructured)]. Another source of cryptic sites is that secondary structure elements, primarily helices, are too close to each other in the unbound protein, closing the pocket [five cases, indicated as "SC" (secondary structures closed)]. A well-known example of this type is TEM β-lactamase (item 92 in SI Appendix, Table S1 ). Two proteins have the opposite problem: i.e., they have secondary structure elements that are too far from each other in the unbound structure, resulting in a flat surface, but come closer and create a pocket in the bound protein [indicated by "SO" (secondary structure open)]. Finally, there are two proteins in the CryptoSite set that have cryptic sites for other reasons. Calmodulin (item 28 in SI Appendix, Table S1 ) is subject to major backbone conformational change upon binding the drug trifluoperazine (local rmsd is 9.1 Å), but, interestingly, the strong hot spot at the cryptic site is retained in the unbound structure. Finally, FTMap failed to find any hot spots even in the bound structure of human liver glycogen phosphorylase (item 57 in SI Appendix, Table S1 ). However, this site binds a small ligand (uric acid) with very low affinity (K d = 550,000 nM) and does not attract the FTMap probes despite being open even in the unbound structure SI Appendix, Table S2 ).
As discussed above, cryptic sites caused exclusively by side chain motion are unlikely to bind ligands with high affinity. This observation is important because many of the sites generated by molecular dynamics are in this category. For the proteins in the CryptoSite set, we found evidence of high affinity binding (K d < 300 nM) only when the conformational change involved a backbone segment with at least five residues. Thus, it seems that localized movement of very small segments cannot create large enough pockets for ligand binding. Loop motion or missing or unstructured loops are seen in 53 of the 93 proteins in the CryptoSite set. Loop reorganization was found spontaneous in 23 (43%) of these proteins, and, in 13 (57%) of these cases, compounds with nanomolar binding affinity can be found in the literature (SI Appendix, Table S1 ). Two proteins with well-known cryptic sites, interleukin-2 (IL-2) (37, 38) and TEM β-lactamase (39), are discussed in more detail, and we also present a prospective application of the knowledge gained in this work to identify a cryptic site on the cyclin-dependent kinase 2 (CDK2) that was subsequently validated experimentally (SI Appendix).
Regions of Weak Electron Density in X-Ray Structures as Predictors of
Cryptic Sites. Hardy and Wells (9) have demonstrated that, in X-ray structures, it is not uncommon to see adventitious binding of small compounds to protein cavities, and, while these observations are typically ignored, such "crystallization artifacts" recorded in the Protein Data Bank (40) may provide a large repository of information on serendipitous allosteric sites (9) . Here, we focus on a different aspect of X-ray structures, frequently indicating cryptic binding sites: namely, that some protein atoms, either just a side chain or several residues of a loop, may be missing due to the high level of local flexibility. The CryptoSite set includes 11 unbound structures with missing loops that also have a nearby hot spot, predicting a cryptic site. The following examples further demonstrate that such regions of weak electron density can provide useful information as to the existence of cryptic sites on important drug target proteins and thereby increase the value of low resolution X-ray data that are frequently not even considered worth refining.
Our first example is interleukin-2 (IL-2). The protein has a known cryptic site with an inhibitor bound to two strong hot spots in the IL-2/IL-2Rα interface (6) (SI Appendix). It was noted by Hyde and coworkers (37, 38) that several X-ray structures of IL-2 miss some residues in the loop 75 to 82 on a different side of the protein. For example, residues 75 to 80 are not visible in the unbound structure 1PY2 shown in Fig. 3A , and this gap region has two hot spots, one of them very strong: CS0 (27) and CS3 (10) . It has been shown that this site binds a ligand (blue sticks in Fig. 3A) that allosterically regulates the binding of the inhibitor (shown as yellow sticks) at the main site. Thus, the region identified by the missing loop adjacent to a strong hot spot proved to be a cryptic site that allosterically affected ligand binding at the IL-2/IL-2Rα interface site.
The second example is the P38 MAP kinase. As with most kinases, P38 MAP kinase has several potential allosteric sites, including a cryptic lipid binding site in the C-terminal domain (item 64 in SI Appendix, Table S1 ). Here, we focus on the flexible "DFG" activation loop in the N-terminal domain, comprising residues 170 to 185, part of which is missing in several X-ray structures (41) . Fig. 3B shows that mapping one such bound structure, 1KV1, in which residues 171 to 183 are missing, yields several hot spots that trace out the shapes of the bound ligands whereas mapping unbound structures in the DFG-in loop conformation (e.g., 3D83 or 2ZB0) finds only the hot spot at the ATP binding site. Thus, in this example, mapping conformations with missing loops provided information on a functionally relevant cryptic binding site.
Our third example is KRAS, an extremely important cancer drug target (42, 43) . A structure of unbound human KRAS, 3GFT, has seven chains in the asymmetric unit. Mapping chain A, the one with the fewest missing residues and most likely with the least disorder, yielded only one hot spot with 13 probe clusters in an isolated pocket in the KRAS-SOS interface. The pocket can accommodate only very small ligands with low binding affinity (44) . However, chain C of the same structure is less ordered and is missing residues 36 and 37. Mapping this chain placed a stronger hot spot at the same location and also found a second hot spot nearby (Fig. 3C) . The movement of residues 36 and 37 to reveal the stronger hot spot ensemble contributes to the binding of larger and slightly higher affinity inhibitors (43) . However, since the site is created by moving only two side chains rather than a longer loop, based on the analysis presented in the previous section, we can predict that it will have only moderate affinity, and this is confirmed by the difficulty of developing drug candidates that bind at this location (43, 44) .
A fourth example demonstrating the potential use of the information provided by weak electron density focuses on protein tyrosine phosphatase 1B (PTP1B), another well-validated drug target. Although a number of high affinity inhibitors binding at the active site of PTP1B have been identified, they are charged, are very large, and have limited selectivity (45) . Therefore, a cryptic allosteric site found close to the C terminus has potential significance (46, 47) . The unbound structures 2F6V and 1SUG (with resolutions of 1.7 Å and 1.95 Å, respectively) have a well-resolved C-terminal helix, 285 to 299, which covers this allosteric site. However, the helix is completely missing in other unbound structures, such as 2HNP, with a resolution of 2.85 Å, and 1T49, demonstrating a high level of flexibility at the C terminus. After removing residues 283 to 299 from 1SUG, mapping the truncated protein yielded a strong hot spot, CS1 (17) , which overlaps with an inhibitor that binds in this cryptic site, superimposed from the structure 1T48 (46) (Fig. 3D) . In contrast, mapping high resolution unbound structures without removing the helix yielded only CS9 (3) (item 76 in SI Appendix, Table S1 ). Thus, lower resolution structures can provide clues on regions that are very flexible, but are "frozen" in some particular state that covers the cryptic site, and hence are not detected in higher resolution X-ray structures.
Discussion
We have explored the structural origin of cryptic sites in a representative set of 93 proteins in which the structure of the sites in unbound and ligand-bound structures differs substantially. The set was expanded by adding, for each protein, all suitable unbound structures with at least 95% sequence identity that were available in the Protein Data Bank. Mapping of all unbound structures revealed that 88% of the proteins in the set had a strong hot spot within 5 Å of the ligand superimposed from a bound structure. As described earlier, such binding hot spots can contribute a disproportionally large amount to the binding free energy of any ligand. In many cases, the ligand exploits this adjacent hot spot when bound at the cryptic site, suggesting the possibility that formation of the cryptic site may involve an induced fit mechanism in which the ligand first binds at the nearby hot spot and then induces a conformational change in the protein to form the final complex. The conformational adaptation is facilitated by the fact that regions around cryptic sites have moderately but significantly higher flexibility than around other hot spots. However, we have also shown that, for almost 50% of the proteins in the CryptoSite set, there exists an unbound structure in the PDB that would not clash with the ligand even without any further conformational change, thus potentially enabling a conformational selection mechanism. Nevertheless, the binding to nearby hot spots is still likely to be important for stabilizing the bound state.
Kinetically, the distinction between an induced fit binding mechanism and binding by conformational selection is that, in the former, the initial encounter of the ligand with the unbound protein is "sticky." That is, even when the initial encounter is with a conformation of the protein in which the cryptic ligand binding site is occluded, dissociation of the encounter complex is slow compared with conformational conversion to the final, stable complex. The relatively long lifetime of the initial encounter complex gives time for the ligand-induced conformational change in the protein to take place within the lifetime of this complex, resulting in induced fit binding (Fig. 4) . For the alternative, conformational selection mechanism, collisional encounters between the ligand and forms of the protein in which the cryptic site is occluded will be nonproductive, with the ligand rapidly dissociating. Only when the initial encounter occurs with one of the small fraction of protein molecules in which the cryptic site is fully formed will reaction proceed to give a stable complex (Fig. 4) . Induced fit and conformational selection must properly be considered as extremes in a continuum of binding mechanisms, however (48) (49) (50) . Even in cases in which initial binding is to the cryptic conformation of the protein, exploiting a site-adjacent hot spot, there may well be kinetic competition between dissociation of this initial encounter complex and conversion to the final complex, depending on the rate of the conformational changes that form the adjacent site. Conversely, even when some spontaneous conformation enables the initial binding of the ligand to occur, it is likely that, in many cases, further conformation adjustments between protein and ligand are involved in formation of the final complex (48) (49) (50) (Fig. 4) . Our finding that almost half of the proteins in the CryptoSite set have a reported unbound structure in which the cryptic site is sufficiently open to accommodate the ligand without significant steric clashes indicates that, in this subset of cases, an open site can form in the absence of ligand. This result suggests that these proteins are candidates to bind ligand by a conformational selection mechanism. However, whether conformational selection represents the main pathway for ligand binding in these cases depends in part on what fraction of the protein contains an open site at equilibrium, as well as the kinetics of the protein's conformational change relative to the dissociation rate of the encounter complex formed with other conformational states of the protein in which the cryptic site is not open. Therefore, observation of X-ray structures of the unbound protein that contain an open cryptic site do not, by themselves, prove that binding is by conformational selection. The presence of a strong hot spot close to a cryptic site suggests a likelihood that the initial binding of ligand to this hot spot in the cryptic conformation of the protein can be strong enough that the initial encounter complex will be relatively stable, so that reaction continues on to form the final stable complex in an induced fit binding mechanism. Our observation that a majority of cryptic sites in the current study have a strong hot spot adjacent to the binding site suggests that an induced fit mechanism is likely in many of these cases. Most clear cut are those 31 cases in which a strong hot spot exists, and The loop of residues 75 to 80 is not visible in the X-ray structure, and the strongest hot spot, CS0 (magenta, 27 probe clusters), is at the gap created by the missing loop, which indicates a cryptic site. The site binds an allosteric ligand (blue) in the structure 1NBP. Other structures also show that the region at this cryptic site is very flexible. For example, in the inhibitor-bound structure 1M48, residues 79 to 82 are missing, but F78 (colored light green) protrudes into the pocket. (B) Substrate binding region of P38 protein kinase. Shown are the unbound structures 3D83 (light green), with the DFG loop shown in magenta, and 2ZB0 (dark blue), with the DFG loop shown in cyan. Both loops are in DFG-in conformation and would clash with the ligand (shown as yellow sticks), superimposed from the bound structure 2YIW, which is in DFG-out conformation. Mapping the ligand-bound DFG-out structures 1KV1, in which residues 171 to183 are missing, yields the hot spots CS0 (green, 23 probe clusters), CS1 (magenta, 12 probe clusters), CS3 (orange, nine probe clusters), and CS4 (white, eight probe clusters). In contrast, mapping the DFG-in structure 2ZB0 yields only the hot spot CS0 (cyan, 16 probe clusters). As shown, mapping both DFG-in and DFG-out conformations, the hot spots map out the entire ligand binding site. (C) Inhibitors of the KRAS/SOS interaction. Shown are chain A (gray) and chain C (green) of the unbound structure 3GFT. Residues 36 and 37 are not visible in chain C. Mapping of chain A identifies the hot spot CS1(cyan, 16 probe clusters) in a hydrophobic pocket that binds the indole group of an inhibitor. The mapping of chain C finds the additional hot spot CS6 (magenta, 4) in a secondary site that enables the binding of the slightly higher affinity inhibitor (yellow sticks) in the structure 4EPW. However, in chain A, the side chain of Glu37 (shown as white sticks) protrudes into this secondary site and would clash with the inhibitor. (D) Protein tyrosine phosphatase 1B (PTP1B). Shown are the unbound structures 1SUG (gold) and 2HNP (magenta), the latter missing the C-terminal helix. 1SUG was mapped after removal of residues 283 to 299, resulting in the hot spot CS1 (cyan, 17 probe clusters), overlapping with the allosteric inhibitor superimposed from the structure 1T48 (yellow sticks).
there is no reported structure of the unbound protein that contains an open cryptic site. In these cases, which encompass a substantial fraction of the CryptoSite set, an induced fit mechanism seems highly likely. Conversely, there are three members in which there is no strong hot spot adjacent to the cryptic site and many examples of unbound structures with an open site, suggesting that binding occurs by conformational selection.
We additionally observed that ligand binding is generally weak in surface pockets that are exclusively created by side chain motion. While there are different ways to interpret this finding, we speculate that perhaps it is because only relatively small binding cavities can be rendered cryptic solely by occluding them with side-chain atoms whereas to close a large cleft or cavity of the kind that binds ligands strongly typically requires some mainchain motions, too. This observation is potentially important because many of the transitional pockets that open in MD simulations involve only side chains (3, 14) . Our analysis suggests that such pockets generally have limited ligand binding potential and, hence, are unlikely to be relevant for drug discovery.
We also studied the mechanisms of forming the pocket at the various cryptic sites. It was shown that, in addition to the cases involving only side chain motion, these include moving flexible loops and, in a few cases, entire secondary structural elements out of the pocket to form the ligand binding site. These changes frequently occur at domain-domain interfaces and may be emphasized by slight motions of the two domains relative to each other. Since mapping employs fragment-sized small molecules as probes, these are generally able to bind in the pocket despite its reduced size, particularly if the domains are separated and individually mapped. In a number of proteins, the cryptic site is the result of the opposite mechanism: i.e., a pocket is too open in the unbound structure, but side chains, loops, or entire secondary structure elements move closer to each other to form a better defined pocket. Since the success of mapping depends more on highly local surface properties than on the shape of the overall pocket, it generally can find hot spots at such sites.
In some cases, the high level of local flexibility leads to side chains or entire residues missing in the X-ray structure. Most frequently, weak electron density occurs in loops that become disordered, or in unstructured terminal regions. Although other X-ray structures of the same protein (e.g., determined in a different crystal form or at higher resolution) may be more complete, the missing fragments are predictive of structural uncertainty. This observation emphasizes that these structures can be very informative for drug discovery, even when more complete structures are also available. We have also shown that, in such cases, it may be useful to map the higher resolution structures, but after removing the uncertain regions, to identify cryptic sites.
Methods
Constructing the Extended CryptoSite Set. For each protein in the CryptoSite set (5), we extracted from the Protein Data Bank all structures within 95% of sequence identity, defined as the percentage of identical residues based on sequence alignment by BLAST. The blastcut feature of PDB (www.rcsb.org/ pdb/statistics/clusterStatistics.do) was used to extract homologous sequences. Five proteins did not have any other structure with 95% sequence identity in the PDB. Structural variations were analyzed in the ensembles of unbound structures for the remaining 88 proteins. This was done by local alignment using the steps as follows. (i) For each protein, the sequences of all selected structures were aligned using the CLUSTALW multiple alignment algorithm (51) . (ii) Residues of the bound structure with any atom closer than 9 Å from the geometric center of the ligand were selected to define the extended cryptic site. (iii) The α-carbon atoms of the residues of this extended cryptic site in the bound structure and the α-carbon atoms of the same residues in the other structures were used for local structural alignment. Alignment was based on the least square algorithm using quaternions. (iv) We tested the aligned structures for the presence of any ligand atom (excluding water and metal ions) within 5 Å from any atom of the ligand in the bound structure. Any assumed unbound structure with such a ligand was removed, and the remaining structures formed the ensemble of unbound structures in the extended CryptoSite set for each bound structure.
Analysis of Hot Spots and Flexibility. Before mapping, proteins were split into domains using the Protein Domain Parser, a structure-based method that relies on the number of contacts between regions of the protein to separate domains (36) . Each unbound structure in the CryptoSite set was mapped using the FTMap program (22) , both as the structure of the entire protein and as a set of separate domains. The hot spots were ranked based on the number of probe clusters, starting with consensus site 0 (CS0) with the largest number of probe clusters. Hot spots that had any probe atoms closer than 5 Å from any atom of the ligand superimposed from the bound structure were classified as being near the cryptic site and the others as far from the cryptic site. The rank of hot spots near the consensus sites is listed in SI Appendix, Table S1 as line 1 for each protein, with the number in parentheses indicating the number of probe clusters in the consensus site. The hot spots of the unbound structures in the extended set were locally aligned to the hot spots of the original unbound structure in the CryptoSite set as described in Fig. 4 . Continuum of mechanisms for binding to cryptic sites. In an induced fit binding mechanism, the initial encounter of the ligand with the unbound protein, A, is "sticky": that is, dissociation of the initial encounter complex B, with rate k -1 , is slow compared with conversion to the final, stable complex C, with rate constant k 2 , allowing time for the ligand-induced conformational change in the protein to take place within the lifetime of the encounter complex. For the alternative, conformational selection mechanism, most encounters between the ligand and protein are nonproductive, with the ligand rapidly dissociating. Only when the initial encounter occurs with one of the small fraction of protein molecules in which the cryptic site (shown by a blue asterisk) is fully formed (D) will reaction proceed to give a stable complex. Intermediate situations can be conceived where dissociation of the initial encounter complex occurs at a rate comparable with that for partitioning forward to form a stable complex. One hybrid mechanism involves an initial encounter with a form of the protein, E, in which the cryptic site is only partially formed through spontaneous conformational fluctuations, requiring the presence of the ligand to promote conversion to the final complex. Another is when ligand binds to a noncompetent conformation of the protein in a relatively sticky manner but must then wait for one or more adjacent subpockets to open through stochastic conformational fluctuations (F) before forming the final complex. We propose that mechanisms toward the induced fit end of this mechanistic spectrum (Bottom Right) are more likely when there is a strong hot spot (shown by a red asterisk) adjacent to the cryptic site even in protein conformers in which the cryptic site itself is occluded in all known unbound structures, a situation that describes over 50% of the examples present in the CryptoSite protein set.
